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(54) Photoconverter 

(57) A photoconverter contains 
luminous substances in 
approximately atomic states trapped 
in a transparent substance so as to 
be individually isolated. Upon 
absorption of incident radiation the 
photoconverter emits two or more 
photons for each exciting photon 
thus attaining multi-quantum 
emission. 

The photoconverter may be 
applied as an inner or outer layer on 
the wall of an irradiating source such 
as a mercury or xenon discharge 
lamp e.g. to provide artificial light for 
forcing plants. 
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SPECIFICATION 
Photoconverter 

5 This invention relates to photoconverters and. more particularly, to a photoconverter for^absorb- 5 
ing incident hght from an irradiating source to be excited and emitting light having wavelength 
lower than that of the incident light on multi-quantum emission basis 

The photoconverter of the type referred to is capable of performing a multi-quantum emission 
with an incident light from an irradiating source for its photoconversion at a high energy 

10 efficiency, as provided, for example, on a periphery of a tube surrounding the irradiating source 10 
that is, on the inner or outer peripheral surface of a lamp tube in an event of an elongated lamp 
and thus should find its usefulness when applied to the lamps and the like 

An example of generally utilized photoconverters is fluorescent substance used in fluorescent 
lamps. In such fluorescent lamps using the fluorescent substance as a photoconverter their 

15 luminous efficiency reaches about 80 1m/W, which is relatively high among existing lamps From 15 
the viewpoint of energy conversion efficiency, on the other hand, the fluorescent lamp can utilize 
only about 1/4 of the input energy. In other words, in the fluorescent lamp, about 60% of the 
lamp input power is converted to ultraviolet emission energy within the lamp tube and only 
about 40% of the ultraviolet emission energy is converted to visible light by the fluorescent 

20 substance. or ^ 

To double the luminous efficiency leads the lamps directly to a remarkable energy saving and 
a provision of any new photoconverter that can achieve a high luminous efficiency has been a 
long demand. 

A primary object of the present invention is, therefore, to provide, on the basis of a com- 
25 pletely novel photoconverting principle, a photoconverter which can cause each exciting photon 25 
to emit two or more photons, i.e., allow a multi-quantum emission to be realized to improve the 
luminous efficiency remarkably and thus to achieve the energy saving to a full extent.. 

According to the present invention, this object can be attained by providing a photoconverter 
for absorbmg incident light from an irradiating source to be excited and emitting light having 
30 wavelength lower than that of the incident light, wherein luminous substances having at least the 30 
atomistic property are dispersed among transparent intermediate substances substantially as 
individually isolated and as fixed together with the latter substances. 

Other objects and advantages of the present invention shall become clear from the following 
description of the invention detailed with reference to preferred embodiments illustrated in 
35 accompanying drawings. 35 

Figure 1 is a diagram for explaining the principle of the photoconverter according to the 
present invention; 

Figure 2 is a diagram for explaining the photoconverting principle in conventional fluorescent 
substances shown in comparison with Fig. 1; 
40 Figure 3 is a model of the photoconverter according to the present invention; 40 
Figure 4 is a mode! of conventional fluorescent substances shown in comparison with Fig. 3; 
Figure 5 is an X-Y chromaticity diagram; 

Figure 6 is a schematic perspective view of a lamp to which the photoconverter of Fig. 3 is 
applied in an embodiment of the present invention; 
45 Figure 7 is a sectional view of the lamp of Fig. 6; 45 

Figure 8 is a partial sectional view as magnified of the photoconverter in the lamp of Fig. 6; 

Figures 9A to 9C are schematic diagrams for explaining steps for forming the photoconverter 
in Fig. 6 according to a Langmuir film forming method; 

Figure 10 is a schematic diagram showing the structure of the photoconverter made throuqh 
50 the steps of Fig. 9; =~ a 50 

Figure 1 7 is an energy level diagram of Hg for mercury discharge lamp as one of irradiating 
sources applicable to the photoconverter in Fig. 6; 

Figure 12 is an energy level diagram of Na which can be used as a luminous substance in the 
photoconverter in Fig. 6; 

55 Figure 13 is an energy level diagram of Sr which can be used as another luminous substance 55 
in the photoconverter in Fig. 6; 

Figure 14 is an energy level diagram of Xe for xenon discharge lamp as another irradiating 
source applicable to the photoconverter in Fig. 6; 
Figure 15 is an energy level diagram of Zn which can be used as still another luminous 
60 substance in the photoconverter in Fig. 6; qq 
Figure 16 is a spectrum diagram of a high-pressure mercury discharge lamp as a further 
irradiating source applicable to the photoconverter in Fig. 6; 

Figure 77 is an energy level diagram of Cs which can be used as a further luminous substance 
in the photoconverter in Fig. 6; 
65 Figure 18 is an energy level diagram of Mg which can be used in the atomistic state as still 65 
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another luminous substance in the photoconverter in Fig. 6; 

Figure 19 is an energy level diagram of Mn which can be used in the atomistic state as a still 
further luminous substance in the photoconverter in Fig. 6; 
Figure 20 is a schematic diagram for explaining a method of forming the photoconverter in Fig. 
5 6 according to a vacuum deposition technique; 5 
Figure 27 is a fragmentary section for explaining the structure of a photoconverter. made 
according to the method of Fig. 20; and 

Figure 22 is a schematic sectional view explaining another embodiment in which the photocon- 
verter of Fig. 3 is applied to the lamp. 
10 While the present invention shall now be described with reference to the preferred embodi- 10 
ments shown in the drawings, it should be understood that the intention is not to limit the 
invention only to the particular embodiments shown but rather to cover all alterations, modifica- 
tions and equivalent arrangements possible within the scope of appended claims. 
Referring to Fig. 1, the present invention is based on a technical idea that, upon incident of a 
15 ray from, for example, an ultraviolet irradiating source, the photoconverter of the present inven- 15 
tion realizes an emission of two or more photons from each exciting photon (the drawing shows 
only two emitted photons), that is, a multi-quantum emission of two or more quanta. In such 
known photoconverter as fluorescent substance, on the other hand, as seen in Fig. 2, the 
excitation of such photoconverter upon incident of the ray causes a heat loss to occur due to a 
20 lattic vibration or the like, and there can be only an emission of single photon from each exciting 20 
photon. Accordingly, it will be appreciated that the multi-quantum emission according to the 
present invention is based on a completely novel light emission principle over that of the existing 
photoconverters, and a realization of the mult-quantum emission according to the invention 
enables it possible to attain a doubled luminous efficiency. 
25 The photoconverter according to the present invention is provided in the form of a layer or a 25 
film and comprises intermediate substances, and luminous substances respectively enclosed by 
the former substances. Referring to a model in Fig. 3, in the photoconverter PCS of the present 
invention, the luminous substances EM represented by circle mark "O" are respectively dis-^ ^ 
persed in the respective transparent intermediate substances IM represented by cross mark "x", 
30 as individually isolated from each other and fixed together with the latter substance, in which the 30 
luminous substances EM maintain optimumly the properties of atom itself, that is, the state of 
atomic energy level, and at least such "atomistic" state that includes the condensed-molecular 
state. Here, the term "atomistic" is to refer to a state in which the luminous substance EM is 
not necessarily in the completely isolated atom state but at least maintains a state close to the 
35 atomic energy level state where the substance ME is merely present adjacent the intermediate 35 
substance IM without any reaction thereto or combination therewith, or is in a slight or weak 
combination with the substance IM and others without substantially being made to be molecular. 
Such retention of the luminous substances EM at least to be "atomistic" allows that, upon 
presence of an incident ray onto the photoconverter PCS from an irradiating source, two or 
40 more photons are emitted from the respective luminous substances ES dispersed in the interme- 40 
diate substances IM, in the photoconverter PCS. In the fluorescent substance as a conventional 
photoconverter which is in the form of a layer or a film, as shown by such a model as in Fig. 4, 
on the other hand, it is considered that an element represented by the cross mark "x" in each 
matrix molecule denoted by a symbol — X is substituted by a luminous contributing element 
45 represented by dot "•" to form luminous molecules represented by — •, which are disposed 45 
as dispersed among respective transparent non-luminous matrix molecules — X. In this case, the 
luminous contributing element "•" in the luminous molecules — • has only an exciting energy 
level for the molecule which is far from the energy level for the atom or atomistic state so that, 
in the fluorescent substance, only a single photon will be emitted from the respective luminous 
50 molecules havinqjhe luminous contributing elements upon incident of ray from the irradiating 50 
source to the fluorescent substance. 

In obtaining a light emission for illumination purpose in practice, on the other hand, it is 
preferable that the emitted light is white, which is, as shown by the chromatictty, in a zone A 
hatched in a diagram of Fig. 5 as has been known. 
55 The photoconverter according to the present invention will be explained with reference to an 
embodiment in which the photoconverter ts applied to an illumination lamp tube. Referring to 
Figs. 6 to 8, there is shown such a low-pressure mercury discharge lamp permeable to ultravio- 
let ray as a germicidal lamp, in which a lamp tube LT having preheating electrodes PF is 
provided either on the inner or outer peripheral surface with a filmy photoconverter layer PLS 
60 which includes, as shown in section of Fig. 8, a solid thin layer STL comprising Na as one of 
utilizabie luminous substances, Na being arranged as fixed to a base that form the intermediate 
substances IM while maintaining the atomistic state. The solid thin layer STL is coated on its 
rear surface with a resin film RF1 permeable to the ultraviolet ray and on its front surface with a 
resin film RF2 permeable to visible light. 
65 In forming the solid thin layer STL of the photoconverter layer PLS in the above, it may be 
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possible to employ any working technique selected as a utilizable one from the Langmuir film 
forming method, ultrafine particle forming method, superalloy forming method, ultrathin film 
forming method and the like. Referring now to an example in which the Langmuir film forming 
method is employed such molecules as stearic acid [CH 3 (CH 2 ) 16 CO0H] are immersed into water 

w wst. and then there is formed on the surface of water a molecular layer of a singte thin 5 
film, with hydrophilic group "f" of the molecules disposed on the side of water but with their 
hydrophobic group "1" disposed away from water, as shown in Fig. 9A When next an 
adequate substrate BP of a resin or the like is immersed into and pulled out of water '"w" as 
shown in Fig. 9B, the molecular layer is caused to stick to the substrate BP This procedure is 
10 repeated and a plurality of the molecular layers are formed on the substrate BP as shown in Fig. 10 

By applying substances including such luminous-matrix metallic element as Na as well as a 
chemical treatment with respect to the molecular layers thus formed on the substrate BP the 
molecular layers are caused to react so as to form a metallic salt. Thereafter, the metallic salt is 

15 reduced through a reduction step to neutralize ionized metal into a neutral metal, and the solid 15 
thin layer STL capable of realizing such multi-quantum light emission as mentioned above can be 
prepared in which Na atoms AT are fixed while maintaining their atomistic state, with respect to 
the transparent intermediate substances IM which can be formed by such substrate BP as light- 
permeable resin, the atoms being therein disposed to be substantially independent of each other 

20 In this lamp tube LT having the photoconverter layer PSL including the solid thin layer STL the 20 
most part of light emitted by Hg is ultraviolet light of 254 nm (2537A) in a low-pressure 
discharge zone nearly at 40°C as will be clear from Fig. 1 1 showing the atomic energy level of 
Hg, whereas Na emits mainly two resonant emissions in yellow in the vicinity of 590 nm as will 
be clear from the atomic energy level thereof in Fig. 12 and many visible emission spectra 

25 appear as the excitation becomes higher so that, when mercury discharge takes place, mainly 25 
the 254 nm ultraviolet ray will be caused to be incident on the solid thin layer STL through the 
tube LT and resin film RF1 in the tube LT. In the solid thin layer STL in which Na maintains the 
atomistic state, the incident ultraviolet ray is thereby absorbed and Na is excited at the higher 
level. In this case, it is considered that, since 254 nm energy corresponds to about 4 9 eV the 

30 excitation level of Na atoms concentrates, in the probability, to such higher levels as 2 S 1/2 , 2 P 3/2 , 30 
2 P 1/2 , 2 D 5/2 , 2 D 3/2 or the like series. A transition due to the emission takes place from the 
respective excitation levels to their predetermined lower or -basic level, and it is highly probable 
that the transitions due to the emission is subjected to such control as follows That is such 

?<: u- 9 u ef or u de u r l transitions as 92S ^3'P 3/2 , 3 2 P, /2 and »D 5/2 ., 2 D 3/2 ^3 2 P 3/2 , 3 2 P V2 take place with a 

3b high probability so that an energy difference from 3 3 P 3/2 and 3 2 P 1/3 is about 2.8 eV, whereby the 35 
emitted light is made to have a wavelength of about 450 nm. Further higher order transitions 
2p a/2. 2p i/2— 3 2 S 1/2 (basic level) is made substantially to a re-emission of absorbed ray so as to be 
an ultraviolet ray of about 254 to 260 nm and, as absorbed again, is caused to be excited 
eventually to higher orders of S 1/2 , D 5/2 , 3/ ,. 

40 With transitions 3 2 P 3/2 , 3 2 P l/2 -.3 2 S l/2 (basic level) due to secondary emission, next, there is 40 
emitted a D ray (yellow) of about 590 nm (about 2.1 eV). In this case, a quantity ratio of blue 
light emission around 450 nm to yellow light emission around 590 nm is approximately 1:1, and 
after visibility correction the chromaticity of this two-quantum emission will be close to a point 
"m" in Fig. 5. Eventual chromaticity after an addition of the visible light due to the mercury 

45 discharge corresponds nearly to a spot "n" within the white zone A, and the photoconverter of 45 
the present invention can provide a luminous efficiency of about 160 1m/w that is about a 
double value of the luminous efficiency of 80 Im/w of the known fluorescent substance. 

Several other luminous" substances may be used in the solid thin layer STL of the photocon- 
verter according to the present invention. When, for example, strontium Sr is used to form the 

50 solid thin layer STL, Sr is collected by, for example, a metal absorbing chelate resin in such that 50 



4 



GB 2 167 428 A 4 



10 



15 



20 



X-OOO 



O 

I! 
C 

C. 

ii 

o 

o 

II 

c 
c 

II 

o 



- o 



- o 



Sr 



- o. 



- o 



Sr 



and is thereafter reduced with hydrogen gas or other proper reducing agent to be 

25 | O 
li 

- C - 0 - H 

Sr 

- C - O - H 



30 



O 



35 



10 



15 



20 



25 



30 



35 



whereby Sr is extracted and fixed as a neutral atom as enclosed in a molecular stfucture spac^ 
Z thit case the discharge of low-pressure mercury discharge lamp will cause Sr in the solid thin 
aye STL to a^Wncidem ra'y to be excited by the ultraviolet radiation because carboxyl 
group is permeable to visible and ultraviolet rays, in which event Sr is effective* excited to a 
40 h nher enerqy level of 5P and transferred from this level to 4d level while em.tt.ng light of 655 40 
w leZn and then to the basic level with an emission of light of 461 nm spectrum, as w.ll 
be clear from a Sr energy level diagram of Fig. 13. chances in 

As the irradiating source for the photoconverter, tt is possible to employ other substances in 
the Present invention. For example, xenon Xe having such energy level as in Fig. 14 may be 
45 ^ed'TcombLation with Zn having the energy level of Fig. 15 an d employed as t he femjjoi* 45 
subs ance in the solid thin layer STL of the photoconverter. Xenon discharge causes an irrada 
tion of ultraviolet having a wavelength of about 147 nm and an energy of about 8 2 eV. which 
^t is absorbed by Zn to strongly excite it to 4d level. A further transition '"mediately occurs 
fr'om this levels a lower level 4P while emitting light of about 330 nm 50 
50 the basic level with a light emission of about 300 spectrum In this ™nner. *e fa ^t«vKriet 
irradiation of 147'nm can be efficiently converted to near ultrav.olet ray of about 300 to 330 
nm throuqh the two-quantum emission. . 

Further 9 the high-pressure mercury discharge may be used as the ,rrad.at,nr , source with 
respect to the photoconverter of the present invention, and I cesium Cs may be used in the sohd 
55 thin layer STL. the spectrum of the high-pressure mercury discharge bang shown in Fig K I and bo 
he energy level of Cs being shown in Fig. 17. In this case, the high-pressure mercury d.scharge 
rradtates 9 near ultraviolet rays of about 365 nm (about 3.4 eV) and visible rays of 405 nm 
about 3 1 eV). 436 nm (about 2.9 eV| and 546 nm (about 2. 3 cV). which rays are absorbe by 
Cs. Cs atoms have exciting levels which are all close to 365 nm as seen in fig. 17 so that they 
60 will effectively absorb the irradiated rays and em.t yellow light of about 2 1 eV and infrared ray 
of about 1.3 eV in two stages with a resonance energy level of about 1.3 eV disposed between 
them. Similarly, with the visible ray of 405 nm. a red light emission of »*"J;Y^ auantum 
infrared light emission of about 1.3 eV take place and. with the ray of 436 nm. a two-quantum 
emission of infrared rays of about 1.4-1.5 eV and about 1.3 eV takes place. 
65 In addition such low-pressure mercury discharge lamp as the germicidal lamp is made utiliza 
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nlhinm fi^l^M^? Wit ^ T ? S ? ec l: t0 the P h «ocon V erter of the invention, with a use of 
li hium Li in the solid thin layer STL. In this case, the mercury discharge irradiates 254 nm 
ultraviolet ray which .s highly efficiently absorbed by Li to excite it for an emission of blue light 
of 427 nm the excitmg level of which is thereafter transferred to the basic level, giving off a 
5 671 nm red, light. In this case, optimumly, Li is provided on the solid thin layer STL in aTilmy 
form substantially in the same manner as in the case of Na. This photoconverter PSL employing 
Li as the luminous substance is particularly useful when used for providing an artificial liqht to 
plants which are to be exposed to daylight during the daytime and to the artificial light at niqht 
for the«r forcing cultivation^ It has been found that effective wavelength bands for promotion of 

10 plant growth reside in 400-500 nm of blue light and 600-700 nm of red light to which the 
wavelengths of two-quantum emissions by the Li-containing photoconverter are conforming 

Further, it is considered likely that the independency and isolation of atoms in the luminous 
substances of the solid thin layer STL in the photoconverter PSL of the present invention are 
caused to be deteriorated due to an application of certain chemical or physical force or both In 

15 such event a coupling force in the order of several tenths of an electron volt eV is expected to 15 
act on the luminous substances, and it will be effective to employ the low-pressure mercury 
discharge lamp as the irradiating source, together with Mg having the energy level of Fig 18 or 
Mn having the energy level of Fig. 19 as used in the solid thin layer STL, taking into considera- 
tion the particular coupling force with respect to the incident ultraviolet ray of 254 nm When 

20 the coupling force of several tenths of an electron volt acts on, for example, Mg, the level of 4S 20 
will drop slightly below 4.9 eV with some extent of fluctuation as shown by a cross-hatched 
zone in Fig. 18 so that somewhat broader blue spectrum <B) will appear, while also in the lower 
exciting level the similar drop takes place with some fluctuation as also shown by another cross- 
hatched zone in the drawing so that somewhat broader yellow-to-red spectrum (Y-R) will 

25 appear, whereby a composite white light more favourable may be obtained as the matter of 25 
coloration. Similarly, in the case of Mn, the coupling force of several tenths of eV acting thereon 
causes the level 5S to drop slightly below 5.0 eV with a slight extent of fluctuation as shown 
by a cross-hatched zone on left side of Fig. 19 so that somewhat broader blue-to-green 
spectrum (B-G) will appear, while the lower exciting level is also caused to drop as shown by 

30 another cross-hatched zone in the drawing so that slightly broader red-to-yellow spectrum (R-Y) 30 
will appear, and thus a favourable composite white light is made to appear in similar manner as 
in the case of Mg. 

References shall be made next to an example in which the vacuum deposition method is 
or " tll,2e ^L for f ° r ™ ng the Photoconverter layer PSL according to the present invention. Referring to 

Figs. 20 and 21, in the vacuum deposition, a proper transparent base TB is placed within a 35 
vacuum bell jar 100, in which crucibles 101 and 101a containing respectively a deposition 
source S, of such luminous substance as Na and a deposition source S 2 of a material inactive to 
such luminous substance as Na as well as air and water and permeable to visible rays are 
disposed. Heating operation by means of heaters 102 and 102a of the crucibles 101 and 101a 
40 is controlled by a temperature controller 103, and evaporating amount of substances from the 40 
deposition sources S, and S 2 is properly adjusted by a shutter represented by a horizontal 
dotted line and controlled by a shutter controller 104, while the controllers 103 and 104 are 
activated by outputs from a state detector 105 which monitors the state of substances deposi- 
ted on the base TB. The deposition source S 2 is first vaporized and deposited on the base TB 
45 to form a thin layer TF1 thereon. Then, the luminous-substance deposition source S, is vapor- 45 
ized and deposited on the layer TF1 in such ratio that the density ratio between the deposited 
substances from the source S, and S 2 becomes optimum so that the luminous substances from 
the source S, in the-state of atom or at least maintaining the "atomistic" state will disperse in 
cn the deposited substances from the source S 2 which forming the intermediate substances and a 
50 hybrid layer HF having such a model structure as shown in Fig. 3 will be formed. Subsequently 50 
only the substances from the source S 2 are vaporized and deposited on the hybrid layer HF to 
form a further thin layer TF2, and thereby the photoconverter layer is formed on the base TB 

The photoconverter according to the present invention arranged as has been disclosed can be 
applied to various objects and to any lamp other than those of Figs. 6 and 7. As shown for 
55 example, in Fig. 22, two lamp tubes LT1 and LT2 may be coaxially arranged and the outer tube 55 
LT2 may be provided on the inner peripheral surface with the photoconverter layer PLS while 
the electrodes PF are disposed in the inner tube LT1. 

CLAIMS 

60 1 . A photoconverter for absorbing incident light from an irradiating source to be excited and 60 
emitting light having a wavelength lower than that of said incident light, wherein luminous 
substances having at least a state close to an atomic energy level are dispersed among 
transparent intermediate substances permeable to visible light substantially as disposed to be 
individually independent of each other and as fixed along with said intermediate substances. 

DO A DrtOtnr.nnvertor nrrrvrrlinn t/> ^lol-n 1 ...I :- i . ... . - . __ 



6 



GB 2 167 428 A 6 



and said photoconverter is formed in a solid thin layer. 

3 A photoconverter according to claim 2, which further comprises a first film coated on one 
surface of said solid thin layer and permeable to ultraviolet rays, and a second film coated on 
the other surface of the layer and permeable to visible rays: 
5 4. A photoconverter according to claim 1 , wherein said luminous substance is one selected 5 
from the group consisting of Na, Li, Sr, and other equivalent metals. V 

5. A photoconverter according to claim 1, said luminous substance is one selected from the 
group consisting of Mg, Mn, Cs, Zn and other equivalent metals. 

6. A lamp comprising a lamp tube including a photoconverter for absorbing incident light 

10 from an irradiating source to be excited and emitting light having a wavelength lower than that 10 
of said incident light, wherein said photoconverter is provided on said tube in the form of a solid 
thin film in which luminous substances having at least a state close to an atomic energy level 
are dispersed among transparent intermediate substances permeable to visible rays substantially 
as disposed to be individually independent of each other and as fixed along with said mtermedi- 

15 ate substances. 

7. A lamp according to claim 6, wherein said solid thin film is attached onto an outer 
peripheral surface of said lamp tube. 

8. A lamp according to claim 6, wherein said solid thin film is attached onto an inner 
peripheral surface of said lamp tube. 

20 9 A lamp according to claim 7, wherein said solid thin film has a resin film permeable to 
ultraviolet rays and adhered to the inner surface of the film, and a film coating permeable to 
visible rays and adhered to the outer surface of the film. 

10. A lamp according to claim 6, wherein said irradiating source is a low-pressure mercury 
discharge lamp, and said luminous substance is one selected from the group consisting of Na, 
25 Li, Sr and other equivalent metals. 

1 1 A lamp according to claim 6, wherein said irradiating source is a low-pressure mercury 
discharge lamp, and said luminous substance is one selected from the group consisting of Mg, 
Mn, Cs, Zn and other equivalent metals. 

12. A lamp according to claim 6, wherein said irradiating source is a rare gas discharge 
30 lamp, and said luminous substance is a metallic atom. 

13. A lamp according to claim 12, wherein said discharge lamp is a xenon discharge lamp 
and said metallic atom is zinc. 

14 A photoconverter substantially as described herein with reference to the drawings. 
15. A lamp comprising a lamp tube including a photoconverter substantially as described 
35 herein with reference to the drawings. 

Primed in ihe United Kingdom for Her Majesty's Stationery Office. Dd 881 8935. 1986. 4235. 
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